times global warming potential of carbon dioxide (CO 2 ), but also a major sink for 42 stratospheric ozone (IPCC, 2007; Ravishankara et al., 2009) . Wastewater treatment 43 systems are a recognised source of N 2 O (Law et al., 2012b) . During biological 44 wastewater treatment, N 2 O is mainly generated from biological nitrogen removal 45 (BNR), which involves both nitrification and denitrification (Tchobanoglous et al., 46 2003; Kampschreur et al., 2009) . Recently, ammonia-oxidizing bacteria (AOB) are 47 identified as the major contributor to N 2 O production in wastewater treatment plants 48 (Kampschreur et al., 2007; Yu et al., 2010; Law et al., 2012b) . However, the 49 mechanisms of N 2 O production by AOB are still not fully understood. According toM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
3 the current understanding, there are two main pathways involved in N 2 O production 51 by AOB: (i) the reduction of nitrite to N 2 O via nitric oxide (NO), known as 52 nitrifier or AOB denitrification (Kim et al., 2010) and (ii) N 2 O as a side product 53 during incomplete oxidation of hydroxylamine (NH 2 OH) to NO 2 - (Stein, 2011; 54 Chandran et al., 2011; Law et al., 2012a) . 55 56 Key factors affecting N 2 O production during nitrification include the ammonium 57 (NH 4 + ) loading rate, the pH, NO 2 -or free nitrous acid (FNA) levels, and the dissolved 58 oxygen (DO) concentration. It is reported that N 2 O production increases upon 59 increasing nitrogen load during aerobic ammonium oxidation (Tallec et al., 2006; 60 Kampschreur et al., 2007; Yang et al., 2009; Kim et al., 2010; Law et al., 2012a) . The 61 influence of pH on N 2 O production has been investigated in several studies with the 62 use of different cultures. The maximum N 2 O production during nitrification is 63 generally observed at pH of 8. 0 -8.5 (Hynes and Knowles, 1984; Law et al., 2011) . 64
Positive correlation between N 2 O production and NO 2 -or FNA concentration has also 65 been widely reported for both full-scale and lab-scale sludges (Shiskowski and 66 Mavinic, 2006; Tallec et al., 2006; Foley et al., 2010; Kim et al., 2010) . However, 67 Law et al. (2013a) observed an inhibitory effect of high NO 2 -concentration (over 50 68 mg NO 2 --N/L) on N 2 O production by AOB in a nitritation system treating anaerobic 69 sludge digestion liquor. 70 71 DO is a very important factor affecting N 2 O emission in nitrification. However, 72 contradictory observations have been reported in literature. (Table 1) . For example, 73
supplied to the reactors during the feeding and aerobic phases. DO in both reactors 126 were continuously monitored online using miniCHEM-DO2 meters and controlled 127 between 2.5 and 3.0 mg O 2 /L with a programmed logic controller (PLC). pH in the 128 two reactors were measured with miniCHEM-pH meters. For the AOB + NOB 129 culture, pH was controlled at 7.5 by dosing 1 M NaHCO 3 , and for the NOB culture, 130 the pH was not controlled but was stable in the range of 7.0 -7.3. The solids retention 131 time (SRT) was kept at 15 days for both reactors by wasting 130 mL of sludge during 132 the 1-min wasting period. with a sealable lid. DO and pH in all tests were continuously monitored online using a 180 miniCHEM-DO2 sensor and a miniCHEM-pH metre, respectively. pH was controlled 181 at 7.5 using a PLC by dosing 1 M NaHCO 3 or 1 M HCl. In all tests, DO concentration 182 was manually controlled at the designed level (Table 2 ) during the entire experiment 183 with a gas mixture of N 2 and air. The N 2 flow and air flow were adjusted using two 184 mass flow controllers (Smart-Trak 50 series-1 L/min and 5 L/min, Sierra). The total 185 gas flow rate was controlled constantly at 0.5 L/min. For each change in DO 186 concentration, the change in the air flow rate was compensated for by an equivalent 187 change in the N 2 flow rate. 188
189
Each test consisted of two phases, namely a control phase and an experimental phase. 190
The same DO level (Table 2) were logged every 30 s. To prevent moisture from entering the analyser, a moisture 215 filter was installed at the gas inlet of the analyser. A t-shaped tubing joint was fitted 216 on to the gas sampling tube connecting the gas outlet of the reactor and the gas 217
analyser. This allowed the excess gas flow from the reactor to escape from the system, 218 maintaining atmospheric pressure in the reactor. The sampling pump of the analyser 219 was adjusted to be lower than the total gas flow rate in the reactor at all time samples. After 24 hr on a shaker table (100 rpm) the equilibrated headspace gas was 256 transferred into a 500 mL gas sampling bag (CaliBond 5) using a gas tight syringe. 257
The headspace in each bottle was replaced with tap water that had been bubbled with 258 zero air for 0.5 hr. The headspace gas in the sample bags was diluted with appropriate 259 amounts of zero air to give a final N 2 O concentration between 0.5 and 1.5 ppmv. 260
261
The prepared headspace samples were attached to the G5101-I inlet. Prior to entering 262 the instrument the gas samples were passed through a series of filters. Table S1 and S2 (refer to Supplementary Information). Two model parameters, 292 namely the maximum ammonia oxidation rate ( ‫ݎ‬ ேுଷ,௫ ) and the oxygen affinity 293 constant for ammonia oxidation ‫ܭ(‬ ைଶ,ேுଷ ), were estimated using the experimental 294 AOR data from the eight sets of batch tests. The maximum oxygen reduction rate 295 ‫ݎ(‬ ைଶ,ௗ ), maximum nitrite reduction rate ሺ‫ݎ‬ ேைଶ,ௗ ሻ and maximum NO reduction rate 296 ‫ݎ(‬ ேை,ௗ ), which are the key parameters governing the N 2 O production via the two 297 pathways, were estimated using the experimental N 2 OR data from eight sets of batch The effect of DO concentration on N 2 O production by AOB in wastewater treatment 392 has not been fully elucidated, due to the interfering factors such as the accumulation 393 of nitrite when DO was varied and also the presence of N 2 O producing/consuming 394 heterotrophic bacteria (refer to Introduction). As summarized in Table 1, such  395 interferences have likely resulted in inconsistent observations. 396
397
The lowest NO 2 -accumulation in the preliminary batch tests using the enriched 398 AOB+NOB culture alone was above 3 mg N/L due to the unbalanced microbial • The site preference measurements indicated that both the AOB denitrification 504 and NH 2 OH oxidation pathways contributed to N 2 O production. 505
• The experimental observations were well described by a two-pathway N 2 O 506 model that including both the AOB denitrification and NH 2 OH oxidation 507 pathways. 508
• Both the isotope measurement and the modeling results suggested that the 509 AOB denitrification pathway dominates (66% -95%) over the NH 2 OH 510 oxidation (5% -34%) pathway in the studied DO range Table 2 . Experimental conditions applied in the batch tests. 654 
